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ABSTRACT

The comosion-time curve of the fitanium-8% man-
ganese alloy follows imtially a power-furction lew; a
lineer iaw is followed 1n the later stages of comosion,
Corrosion rates, igmtion sensitivity, end siress cormsion
cracking of titanium ailoys A55, 13 1004, T: “40A, Th 6
Al4V, and A 110AT were studied. Storoge tests for
tharty days at 30°C of several titanium alloys in thes-
mally stable fumizg mtric acid (13% NO,-2% H,0) were

completed.,

1. INTRCDUCTION

Berab (Cf. Ref. D) s dtke ! oa the corvusrdn of hitanivin o varivus sedia,

2
but there was little work done o the corrosion of alfoys of tituaiua. Mos: of the corrcaion wen e

isily pere titasium. Kiefer and Besple {Cf. Ref. 2) did some work

viewed was d with ¢
on she stress-comosion crackiv,: of commercielly purs titanivm, and Ta 140A {Cr, Fe, Vo alloy) was
triefly mentiozed. There are other ciloys of titanium .shick %3l be of in aireraft and missil
applications because of w, v 3é  .perties of fabeicutior of the iol, The oz, 15084

£ ssitivity, and strecs-coxes -« cracking susceptitilivy of snne of these alloys after storage in
fusine pitric acid FNA . 1 '+ studied. Cuemicxl anulyaes of sbe alloys stedied are shown in

Tablr 3,

Ve form of the corcosion-time curie is of importa.ce if an und ding of the

mechanism - o be gained. The natcre of €& ¢ v <. wtime curve of 2 meterial in a given environ-

metd 2 « deiluite temperature 1 also of . - v1.co slien one wishes to compare corrosion rates of

ma.enels for long perinde of «toraze Wi <11 1¢ corrsion-tine curve of a material 10 a given cavie
rooment 18 lincar, that 1s, the cotre 3ion race 1a conatant, then corrosion rates can be extrapolat-d
with some expectation of accuracy. There is scme dunger in extrapolating corrosion rates over 100
long & period of storage even when the corrosion-time curve is linesr, bowever, theze is even greater
possibility for error im extrapolation if the corrosion bekavior of a material foilows a power function

ial time curve. Ph which reduoce the reliability of extrapolation are

or an exp
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pitting or intergranular comosion altering the cross section of a material in localized arcas. These

factors would rot be reflected 1n ordinary corrosion dats obtatned by the conventional weight-loss

method. For thesc reazons, 1t has been the geae-al practice to condact fanly long-ters exposure
tests to ascertan the extent and nature of the corrosion. It 1s also best to expose the matenal to
the env t of greatcat practical for the

ppl at band. Accordingly, *
$0-day-expusure tests of several titznium alloys were conducted at 30 °C using FNA specification
Mi-N-T254A Type LIt 13% NOZ and 2% HZO).

s )

. EXPERIMENTAL PROCEDURE

The data for the corrosion-time cunve of the titantum—-8% manganese alloy were ob*ained L, o
the conventiocal weight-loss method, The samples were supported on glass books end stored in
glass tubes about 1 inch 1a drameter with a ground tapered joint to which was fitted a stopeock
wth a smaller ball-joint tobe, the lower end of the 1-inch-diameter tube was drawn out wan fitted

with a stop=ock for draicage while a side arm tube was provided with a stopeock in order .c evas~
uvate the bly. Siailer

quif was used for the storage tests in FNA of varions composi-
tions and for the 30-day storsge tests,

Samples cf ¢ ially pure titanium and the alloy izing 8% mang; were p

on merallcgraphic polishing paper in a dry box uzder an argon atmosphere. The poiisking was carried
to 500.grit-si1ze abeasive paper. After polishing, the les were cl

p d with solvent and weighed
in aron-filled bottles. After weighing, the samples were d to the dry box a1d inserted into the

storage apparatas; the FNA was added to the cquipment while vnder an argon ztmasphere.

Yrahad

HL  RESULTS

A Cotrosion Time Curves of Ti--8% Ma Alloy

A/ tress-relieved and sandblasted samples of titanium-8% mang alloy were ex-

posed to anhydrous FNA (20% NO,) for periods of time ranging from 1 to 163 bocra at ambieat tem-

perature, The extent of corrosion was obtained in grams/cm? and cunverted to muls by use of
suitable conversion uaits.

Poge 2
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The extent of coxvos s was plotted against time on log-log coordinates to determine

whether or not the corrosion fullow~d any of the exp otal a taws ¢ d by Evans
(CL. Ref. 3). In Frgure 1 it can be scen that the experimental points fall reasonably well oz &
straight Iine on log-log cocrdinates duricg the imtial period of comrosion. For the period of 1 to
spproximately 30 hours it app that the follows a p i

law of the form

weK 1)

where w = extent of corrosion in mils, K and » are b 18t1c of the
environment, the temperature, and the metal involved, and ¢ = tame in hours. Under the conditions
of this expesiment aud in the above unmits, | = 0.043 and n = 0.63.

Buring the period of time from 30 to 160 hours, the experimentel data deviate from the
imtial straight line on log-log coordinates as can be seep 1 Figure 1. When these data are plotted
on rectangelar coordinates 1n Figure 2, it can be seen that the corrosion curve from approximately

30 to 160 bours follows a strzight hine indicating a cunve of the form:
w = Kot 2)

The constant K, for the streight line portion of Figure 2 has the velue 0.0125 mils/br.

It is interesting to note that the intial stage of of the 8% manganese
alloy follows a powerfunction law similar to that of the ially pure This beh
d that initially the ion reaction is diffusion lled. ¥ien sbe film reaches a
critrcal thick (isc.y 1 approximately 20 to 30 hours) the additiozal corrosion product no longer

presents an adherent film to contact of the FNA with the metal surface, As discussed in the pre-
vious report (C. Ref. 4), it was siated that for 2 truly adherent film where the mechanism is diffu-
sion-controlled, the paratolic Jaw yielding & timr exponent of 0.5 should result. However, for a
porous film with random cracks, the corrasion approximutes the linear law. It would be reasonable
to conclude, therefore, that in the imual phese, the corrosion product is largely flawless and
adherent, but that after about 30 bours, additional corrosion forms a loose or porous product

offering hittle corrosion resistance.
ng

‘The averags corrosion rates over a time interval ¢ were computed from the ica-time
data by dividing the extent of corrosion at that time by t. These data are plotted on rectangular
coordinstes in Figure 3. If the corasion 1n the later periods of time were truly l1aeer, then the
curve 10 Figure 3 from 30 to 160 hours should be a hortzontal line, It can be seen that this 1s not
quite true. There 13 a slight dowaward slope to the plot indicat:ng that addutional corrosion 10~

creases the resistance only slightlv. The meaa value of the comresion rate, however, from 30 to

Page 3
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160 hours 13 106 mils/yr, and the deviation of the points from this mean value between the limits
of 30 and 160 hours is 1.4%. This mean value of 106 mils/yr is in fair agreement with tke corroe
ston rate of 104 rruls/yr found for this alloy previously (Cf, Ref. 4). In the case of a linear cormro-

sion law, the average corrosion rate R 1s equal to the instantaneous corrosion rate w; however,

£.

inaf ion law tne rate is pot cqual to the average cormrosion rate, these

relationahips are shown as follows:

we=& " power-fuaction law @)
R = ;—"- K ™1 avernge comosion rate )
o = j—;’ - nKlt"'l instantageous ccrrosion rate [G]
wow Kpt linear law (6
R - Tw - Ky average corrosion rate (/]
. diw . .
Be . K, instantaneous comrosion ru. ®
In the initial stages of ion of the titaninm-8% alloy ke corrosion is
largely diffesion-controiled urtil after ebout 25 to 30 hours dering which time firely divided tita-
nium is accumulated on the metal surface by the p of selective ch { atiack on the

manganeae-tich areas. At this state in the corrosion process the corrosion rete becomes constart,
indicating that the surface coating is offering a constant resistance to access of the corrosive
mediuz. It should be mentioncd that all of the samples were aensitive to ignition reactions aiter
removal from the acid, drying, and then probing after mostesing with a drop of red fuming nitric
acid. This 1gnition sensitivity s considered to result from the accumulation of the finely divided
titanium formed in the early stages of cormsion.

The corrosion data are tabulated in Table II, as are data of the acid decomposition. 1a
general the NO, and the H,0 concentrations increase with time, There are some iconsistencies
in these data which can be traced to two sources: (1) the apparatus in which the samples were
stored was not sealed 0 taat teakage of NO, or HyO vaper wes posaible, and (2) there are no
corrections made in the acalysis for the metals in solction in the acid. This facter would kave
its greatest effect upon the H O determination since the latter is determined by difference. The
total metals in solution in the acid average between 0.04 and 0.08%; this amcunt of metal salts

Poge 4
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may or mzy not irfluence the ac:d apalysis,but,since the valence state of the titanium 1n the acid
solution 18 not known precisely, corrections to the acid analysis for metai-salt content rannot be
applied with centaiaty.

8. Cerrosion Retes of Some Titznios Alloys

—

The avcrag® corrosior rates of seveml titanium alioys of conmersial importance which
can bz chtained in sheet form are shown 1o Table IH and in Figures 4 through 8.

In geacral the corrosion rates of theoe titanum alloys az 2 fonction of the NO, and H,0

AN SRVABY

conceatestions of the FNA are cumpersble to the bebavior of the comurercially pure titanium and

the titamum~8% margasese alloy. Thei 15, the comosior raies increase with inereasing NO, coo-

centratiors 1o the range 0 te 20% NO,,, and the comregion raics decrease wetk increazing H 0 con-
&e 2 g Hy

centrations 12 the range 0 to )%

- The igaiti itivity behavisr of the ! alloys was similar to the babavior of the

ially pure titaniam and the ti 8% mang
sensitive afier exposure to anhydrous FNA contairiag 10 and 20% NOz, although the ig. wion tend-
encies were lower with 2xp o THA ining the lower ion of NO,, This was
perticularly true of the ASS sad Ti 140A alloys. The 6 Al4Y azd A 110AT alloys wess nearly as
igoition sensitive es the C 110 alloy nfter exposare to 20% NO, FNA, The 6 Al4V snd the
A 110AT alloys exhibited slight ignition sensitivity in the enhydrous FNA without NGy None of
the alloys was sersitive to ignition reacticns when stomed in FNA of concentraiions of 0 to 20%

NO, and 1 to 2% H,0.

ziloy, All of the alloys were ignitice

1t is ivteresting to compare corrosion 1ates of the several alloys in anhydroas FNA
(20% NO,) because it is in thic solution that the lergest rates are obtained. The bighest rate is
that of the jum—8% mang atloy; h , the two alloys containing alom:num (i.e.,
Ti 6 Al-4V 2rd A 110AT) exhibit relatively bigh corrosion rates in FNA of this composition.
Attention should be called to the comparatively low corrcsion rate of the chromium. iron, molyb-

v denum elloy Ti 140A ia acid of this comp Thiv alloy exhibita the lowest comresiea rates
l of any of the alloys tested. The bigh correaion rate of the 6 Al-4V alloy ia FNA containing no
. NO, and H,0 should also be noted; this rate of 1 ml per year is the bigbest zate in acid of this
) composition fourd for way of the citoys.

The relatively high corrozion rates of the commercistly pure alloy Ti 100A are particularly
NS interesting when sompared with the low corrosion rates of the two other commercially pure allcys
) AS5 ard Ti 75A. Chemically the only diffezence between the ASS, T 75A alloys and the Ti 100A
material 1s the higher iron content of the latter (Cf. Table I). Comparison of the corrosion rates of
the Ti 100A alloy with the Ti 140A alloy (Cf. Table Il acd Fig. 5 oad 6) ia impressive wasmuch

Pogv 5
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as the won content of the T1 140A alloy 15 10 times that of the Ti 100A (CA Table ), yet the
corresion rates of the formar are conowderably lower.

All of the alloys tested were susceptible to siress corrosion cracking in anhydrous FNA
coaaining 20% NO, (Cf. Fign. 4 through 8). The two slloys containing alumimum (Cf, Figs. 7
and 8) and the T1 75A and C 110M (Cf, Ref, 5} were susceptible to straas comosion cracking in !
enhydrous FNA with 10% NO,. Oaly the 6 Al4V alloy (CE. Fig. 7) ead C 120M (Cf. Ref. 5)

matenal were susceptible to stress cowrosion cracking 1z “NA contarring no NO, or H,0.

The stress corrosion cracks in :he Ti 100A and the 6 Al-4V alloy onginated 1g the
sheared edges as can be seen in the phatograph of Figure 9. The complex nature of the streas

corcsion cracking and the fact that the cracks probably originated in the sheared edges is shown
in the photomicrogeaph of Figure 10,

[ ‘Thirty-Day Storage Tests of Some Titonium Alloys tn Thermolly Stable FRA 2 20°C

Storage tests for 30 days at 30°C of severz! titamum alloys weec condacted i | Labe
oretory prepared FNA of a compositicn conforming to specification Mil-N-7254A Type Iif -ontaining
12% NO, a2d 2% H,0. The results of these tests are shown in Table IV, It 13 interesting tc note
that the Ti 6 Al4V alloy bad the highast corrosion rate under these conditions. According to the
criterion of Hildebrandt {Cf. Rel. 6) all of these alloys would be idered perfect) i to

14

corrogion, Hildebrandt’s terminology converted to mila per year 15 as follows.

Perfect Resistance 11to 4 rila/yr
Adequste Resistance 4 to 12 mils/yr
Moderate Keaistance 12 to 40 mils/yr
Little Resistan. e 40 to 80 mils/yr

Not Resistant ~ 80 mls/yr

"~ The question of smportance, however, in whether or not these alloys are susceptible to
. stress-cormsion cracking and 1g ions after exp to FNA of this composition. .
S Examization of the dupl ples under 10 tiwes magnification disclosed ne stress-
l
4z cotrosion cracking around sheared edges or stamped-in identification numbers. Probiog tests of }
the samples after morstening with fresh acid reaulted 1n no 1guiti i It would be desar- i

able to conduct longer term tests of some of these alloys 1n FNA of this compusition to determine

whether there is sensitivity toward igniti or ptibility to stz cracking

during lorger term storage.

Cage b
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D. Effect of Polsshing Titumum Somples in Argon A heres on Corrosion 1n Anhydrous FNA
{20% NO,)

Sanples of commercially pure titamum and the titamum-8% maaganese alloy were proces  d
for FNA storage 1n an argon atmosphere .u order to prevent contact of the freshly prepared metal
surface with thie oxygen and nitrogen of the air. It 1s known that titanium reacts with both the oxygea
and mtrogen of the air, The reaction rate at room temperature with mtrogen 18 slower than that for
oxygen, however, there 1s a thin oxide film formed on freshly cleaned titanium surfa.es at rocm tem-
perature (Cf. Ref. 7). In Table V the extent of corros.~r of the titznium samples thus prepared are
compared with the data obtained vith samples that bad been sandblested 1n air. There 13 a signif-
1cant mncrease 1n the corrosion of those samples that were polished 1n the 1ncrt atmosphere. The
extent of corrosion of samples that were pclished in air (Cf. Table V) s less than that of samples
polished 1o the 1aert atmosphere, which is an ndication of the probable formaticn of aa oxide film
on the freshly polished surface which has been exposed to air. This film serves as a temporary
barrier to extenstve corrosion. The explanation for the smaller percant increase 1o corrosion o1 the
sandblasted commercially pure titamum (Ti 75A) specimens over the inert atmosphere pohished
samples as compured %ath the titaniam~8” manganese alloys (C 110) in parallel condition 18 prob-
ably due t5 the fact that comrosion in the commercially pure titamium 1s 1 the smali  ndomly

located intergranular sites, while in the titan,ur~8% manganese alloy the corrosion .tack 15 5.

sective on the larger beta-phusc areas g the alloyirg el in solid solutzon (Cf. Ref. 5).

The rather large increase 12 ion of the heved ti 8% mang alloy
samples that were polished in argon 18 probably duc to two factors. First, the relatively thicker
oxide laver formed during the metal processing (i.e., rolling, pickling) is abscrbed at the atress-
relieving temperstuere {(475%C) (Cf. Ref. 7). As the beat wis condueted in a vacaum, a

farcly thin layer 1s probably formed after exposure to the air, This thinner oxide filr, offers less of

a barrier to corrosioa than the one on the actal formed duning processing, and therefore a higher
corrosion rate results for the vacoum-stress-relieved and 1nert-gas-polished sampie. Secondary

ibutes the alloying element

effects may also result from the fact hat lieving bly redis
(marganese in thic case) by solid-state diffusion 1n the beta phase :n such & way that 2 more umform

alloy-clement distribution results.

IV, SUMMARY

The w2 8% mang: iloy corr curve obtained at ambient temperature 1n

anhydrous FVA (20% \02) exhibits a transitron from power-functional behavior over the first 25 to

30 hours of storage to a linear behavior with constant corresion rate over a penod starting at approx-

“mately 30 hours 10 160 hours of storage.

Poge 7
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Thirty-day storage tests were compicted of several btanium alloys at 3¢
FNA (13% NO,

2 204 2% HyU). The comrosion was negligible for all of the al
0 1231t100 sensutivaty exhibited by any of she samples, nor

corosion crackizg. The bighest €orTaston rate was ohserve.

T 1w Type Hi
loys tested, there was
was there any suscepubility to stress
d for the Tr 6 Algy alloy, while the

iownest ratea were found for the commercrally pure tntantum (ASS, Ti 75A) and for vhe chromium,

iron, molybdengm alloy Ti 1404,

S

nples of ¢ Hy pure titani
polished in an ent atmospkere and stored 1n a,
temperature. The extent of comos

corrosion of samples that had bee
1], a) dkl

aod the alloy contamning 8% manganese were
nbydrous FNA (205 NO,) for one week at ambyent
103 of specimens thys prepared was 30 1o 405 higher than the

o sandblasted before storage. This bebavior indicates that,

g no doubt the oxide film whick results £
another, possibly thinner, oxide film {forzs on the fresbly cleag~d metq
tume exposure to air at ryom tepperature,

om normal metal processiuy,

1 surface after only shori-

V. WORK IN PROGRESS

Elevated-temperature storage teats of titamur and titeojum

alloys 10 FNA of various
posi using tefloa-)

ng. This work will include
and comrosion rares of the mmterial,

<

d,sealed pressure vessels is proceed:
studies of 1gaihion sensitivity, suress-corrosion cmckmg,
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Progress Report No, 264

Jet Propulsion Laboratery

TABLE 1t

Corrosion of Yacuum-Stress-Relieved and Sendblasted Ti--8% Ma Alloy

in Anhydrous FNA (20% NOz) at Ambient Temperoture

Cotrosion

(rils)

C

Acid Decomposition

(mils/yr)

NO,

(wt %)

b
H,0

(wt %)

0.043

0.056

0,023

0.21

0.28

0.29

0.35

0.89

113

-
n
B4

=
R4

20.52 = 0.03*

20.74

20.67

20.74

20.78

20.92

21.04

21.15

21.28

21.58

20.57

20.08

10.02
10.02
1 0.01
10,03
1 0.01

10,04

*0.05
+0.02

% 0,08

+0.01

+0.04

0.06

0.11

0,04

014

0.14
0.26

0.26

0.43

0.57

0.07

0.12

1 0.06"

0.08

$0.03

LI 74

i

10.10

1 0.11

0.1}

20.05

2 0.11

10.07

1 0.09

*The average derration of two determinations,

by o Hy0 determined by solbxracung som of Wt % HhOs plus Wt % NOZ from 100%
Blaok.
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,., Progress Repoit No, 26-4 Jat Propulsion Loborotory
:
s TABLE Iy
: - 30-Day Corrosion Tests ar 30C of Titanjum Alloys in FNA
(132 NO2 and 2% |.‘20)
Corrosion .
Alloy (wils} |
Ass 0.0038 7
Ti 75A* 0.003¢
’ Th75A* 0.0031 I
L Ti 1004* 0.0052 '
L S ad B
K C 110w 0.0052 |
! b
C 110M* 0.0254 -
- {
A 110AT* 55078 ‘3 |
Ti 149A* 0.0039
’ Ti 6 Algy* 0.0164
= y ;
‘Al sazples as received and szndblasted, e
b&x:p)et Yacown sizzss relieved aad sandblasted. |
|
. 1
: B
. !
. B 1
L Poge 12
R
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TABLEY

Effect of Polishing in Argon Atmosphere on Corrosion of Titeni

in Anhydrous FNA (20% NO,)
Aversge Change In
Alloy Corrosion Corsesion Condition
(mils) (%)
Ti 75A 0116 +32° As received and polished in Argon 2
Ti 75A 0.083* - As received and sandblasted 1
Ti 75A 0.106* +17° As reccived and polished in Awr 3
C 110M 1.34* - As received and sandbissted , la
H
C 110M 0.680° 9! As received and pohished in Air ' 38
C 1104 1.83 04 As received and polished in Argon 2s
C 1108 2.78 +1074 § lieved and polished in Argon 4a
*Cozpated from dazs of Ref. 4.
bCompated from duta of Ref 5
€Condition 1 tsed as basis.
4Condition 1a used ss basis.
Pege 13
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Figure 1
Log-Log Plot of Corrosica of Vacuzm-
Stre Ral: P and Q, 441 d

Ti—8% “fn Alloy in Anbydrous
FNA (20% NO,) at Ambient
Temperature

CORROSION , mify

TIME , hes

Figure 2. € ioa of V; Stress-Relie: ed and Sand-
blasted Ti-8% Mo Alloy 10 Aahydrous FNA (205 NO,)
at Ambient Temperature

PeTy
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Figure 9 Sheared Edge of T 6% Alun 1% Vanad
Alloy after Storage for T Reck at 30°C 1n Aabydraas FN4
(20% N\O,) (Approx. 201)

. 4
dee of Sample of b, 9 (150\)

Digure 10 Phnxunucmcmph of b
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